Several classes of drugs bind to the dopamine transporter (DAT) with high affinity, but some are weaker positive reinforcers than cocaine, suggesting that affinity for and occupancy of the DAT is not the only determinant of a drug's reinforcing effectiveness. Other factors such as the rate of onset have been positively and strongly correlated with the reinforcing effects of DAT inhibitors in nonhuman primates. In the current studies, we examined the effects of acute systemic administration of cocaine and three cocaine analogs (RTI-150, RTI-177, and RTI-366) on binding to DAT in squirrel monkey brain using PET neuroimaging. During the PET scan, we also measured drug effects on dopamine (DA) levels in the caudate using in vivo microdialysis. In general, our results suggest a lack of concordance between drug occupancy at DAT and changes in DA levels. These studies also indicate that acute cocaine administration decreases the availability of plasma membrane DAT for binding, even after cocaine is no longer blocking DA uptake as evidence by a return to basal DA levels.
INTRODUCTION
Psychostimulant abuse and dependence continues to be a significant public health problem (SAMHSA, 2007) . To date, no FDA-approved pharmacotherapy is available to treat those addicted to psychostimulant drugs such as cocaine and amphetamine Vocci et al., 2005) . While these drugs increase levels of all three monoamine neurotransmitters (dopamine (DA), serotonin (5HT), and norepinephrine (NE)) in the brain, the increases in DA have been found to be largely responsible for the behavioral-stimulant and reinforcing effects of these drugs (Heikkila and Manzino, 1984; Reith et al., 1986; Ritz and Kuhar, 1989; Ritz et al., 1987; Wise and Bozarth, 1987) . The dopamine transporter (DAT) is primarily responsible for clearing DA from the synapse and there is a positive correlation between the binding affinity of psychostimulants at DAT and their behavioral potency in rodents and nonhuman primates (Bergman et al., 1989; Ritz et al., 1987; Wilcox et al., 1999) .
However, several drugs bind to the DAT with high affinity, but are weaker positive reinforcers than cocaine (Stafford et al., 2001; Tella et al., 1996; Wilcox et al., 2000; Woolverton et al., 2001) , suggesting that DAT affinity is not the only determinant of reinforcing effectiveness. Thus, we need to consider the pharmacokinetic and pharmacodynamic interactions of these drugs with DAT. Earlier studies determined that the rate of onset is positively and strongly correlated with the reinforcing effects of DAT inhibitors in nonhuman primates . These studies suggest that the kinetics of drug binding to DAT affect the psychostimulant profile of DAT inhibitors. Positron emission tomography (PET) neuroimaging is a noninvasive method that can be used to determine DAT occupancy of a drug in mammalian species, including nonhuman primates. This technique has been used to show that DAT occupancy of local anesthetics correlates with peak increases in DA in the caudate of rhesus monkeys (Wilcox et al., 2005) . In addition, high DAT occupancy by selective DAT inhibitors is highly correlated with reductions in cocaine self-administration in rhesus monkeys (Lindsey et al., 2004) .
The objective of this study was to use PET to determine the DAT occupancy of behaviorally-active doses of four DAT inhibitors in the squirrel monkey brain. These particular drugs were chosen for the current study, as they are selective for the DAT (vs. SERT and NET) and have varying rates of onset (Kimmel et al., 2001b; Kimmel et al., 2008; Kimmel et al., 2007) . DAT occupancy of the drug was calculated using a single injection of the DAT specific radioligand [ 18 F]FECNT and displacing the radioligand at equilibrium with unlabeled DAT inhibitors. We hypothesized that an [ 18 F]FECNT displacement protocol could be used to investigate changes in DAT occupancy during the imaging session as drug is metabolized and eliminated from the brain. Simultaneous with the PET scan, microdialysis studies were conducted to detect changes in DA levels following drug administration. The latter studies corroborated the PET data, indicating that the drug had reached the brain regions of interest and that the drug was exerting its typical profile of neurochemical effects, as determined by earlier studies (Kimmel et al., 2001b; Kimmel et al., 2005; Kimmel et al., 2008; Kimmel et al., 2007) .
MATERIALS AND METHODS

Subjects
Three adult male squirrel monkeys (Samiri sciureus) weighing 700-1200 g served as subjects. Animals lived in individual home cages and had daily access to food (Harlan Teklad monkey chow; Harlan Teklad, Madison, WI; fresh fruit and vegetables) and unlimited access to water. All monkeys had prior exposure to cocaine and other drugs with selective dopaminergic or glutamatergic activity in various behavioral studies. Animal use procedures were in strict accordance with the National Institutes of Health "Guide for Care and Use of Laboratory Animals" (Publication No. 85-23, revised 1985) and were approved by the Institutional Animal Care and Use Committee of Emory University.
Guide Cannulae Implantation
A stereotaxic apparatus was used to implant CMA/11 guide cannulae (CMA/Microdialysis, Acton, MA) bilaterally to target the caudate nucleus in a procedure described previously (Czoty et al., 2000) . Anesthesia was initiated with Telazol (tiletamine hydrochloride and zolazepam hydrochloride, 3.0 mg) and atropine. Inhaled isoflurane (1.0-2.0%) was administered to maintain depth of anesthesia during the procedure. A stainless steel stylet was placed in each guide cannulae when not in use. Analgesics [Banamine (flunixin meglumine)] and antibiotics [Rocephin (ceftriaxone)] were prescribed as necessary by veterinary staff. Animals were closely monitored during recovery from anesthesia, and a minimum of two weeks elapsed before microdialysis experiments were performed.
PET imaging apparatus
PET neuroimaging was performed at the Yerkes National Primate Research Center on a microPET Focus 220 scanner (Siemens, Concorde Microsystems, Knoxville, TN). The PET ligand [ 18 F]FECNT is an N-fluoroethyl nortropane derivative that is selective for the DAT (Goodman et al., 2000) . Monkeys were initially anesthetized with ketamine and Telazol, intubated and maintained on 1-2% isoflurane for the duration of the procedure. An arm or leg was used for placement of an acute intravenous catheter through which to provide a sterile saline drip and administer the radioligand and test drugs. Subjects were positioned supine in the tomograph, and then fitted with pulse oximetry equipment and a rectal thermistor for physiological monitoring during the procedure. Approximately 5 mCi of [ 18 F]FECNT was administered over five minutes to each animal concordant with the start of the PET imaging session. At 90 min, when binding had reached equilibrium, a bolus injection of drug was then administered intravenously to displace [ 18 F]FECNT at the DAT. An additional 120 min of PET scanning was then acquired for a total of 210 minutes of PET imaging. All images were reconstructed with OSEM3D/MAP using measured attenuation correction and zoom factor 2. Image data were decay-corrected to the time of injection. Regions of interest were manually drawn on the late images fused with MRI over the caudate, putamen and cerebellum. The regions of interest were then applied to all images to obtain time-activity curves.
PET data analysis
Kinetic analysis of the time-activity data was performed with the General Reference Tissue Model (GRTM) (Votaw et al., 2002) . This model is based on the simplified reference tissue model (SRTM) (Lammertsma and Hume, 1996) , but allows for the case where the initial activity in the compartments is not zero. GRTM equations describe the data with parameters using the cerebellum as the reference region. The model parameters as described in (Votaw et al., 2002) are: R -the ratio of K 1 's in the target and reference region, k 2 -the rate that tracer leaves the extracellular compartment for the plasma, k 3 -k on B avail the DAT association rate times the number of available binding sites (Mintun et al., 1984) , and k 4the off rate from the DAT.
The PET scan data contain two phases: a baseline phase from 0 to 90 min and a drug challenge phase from 90 to 210 min. In this model, the assumption is that R, k 2 and k 4 remain constant during the baseline and drug challenge phases. It is postulated that the introduction of unlabeled drug competition at 90 min changes the number of available DAT binding sites for [ 18 F]FECNT but not the association rate (k on ) at these binding sites. Furthermore, we assume the affinity (K d ) of [18F]FECNT does not change with the introduction of the drug. Therefore, the non-displaceable binding potential, BP ND , equal to k 3 /k 4 = k on × B avail /k off = B avail /K d , will reflect a change in the number of available DAT binding sites and can be calculated during the baseline phase as k 3 /k 4 and the drug challenge phase as k 3 D/k 4 . Where k 3 D -k on *B avail D and B avail D is the change in the number of available DAT binding sites with the drug onboard. All rate constants are solved simultaneously using the numerical Runga Kutta method with adaptive step-size control (Press, 1989) by minimizing the area under the curved between model and measured data at each time point (Votaw et al., 2002) . A model fit was determined to be acceptable when the fitted curve fell within the standard error of the sample mean (SEM), which are assumed to be normally distributed.
The DAT occupancy of each drug was calculated by dividing the non-displaceable binding potential during the baseline phase by the non-displaceable binding potential during the drug challenge phase (Innis et al., 2007) ,
In the model, the onset of occupancy begins at the time of the drug challenge phase and model assumes a single occupancy during the drug challenge phase.
Microdialysis procedures
CMA/11 dialysis probes with a shaft length of 14 mm and active dialysis membrane measuring 4 mm long and 0.24 mm diameter were flushed with artificial cerebrospinal fluid (1.0 mM Na 2 HPO 4 , 150 mM NaCl, 3 mM KCl, 1.3 mM CaCl 2 , 1.0 mM MgS0 4 and 0.15 mM ascorbic acid, final pH=7.4-7.56) for at least 20 min. Probes were inserted into the guide cannulae and connected to a Harvard PicoPlus microinfusion pump via FEP Teflon tubing. Probes were perfused with artificial cerebrospinal fluid at 2.0 μl/min for the duration of the experiment. Samples were collected in microcentrifuge tubes every 5 min and immediately refrigerated. Following an equilibration period of at least 60 min after the start of the PET scan, four consecutive 5-min samples were collected for determination of baseline DA concentration. Following collection of baseline samples, saline or a dose of a test drug was administered i.v. and 5-min samples were collected for an additional 120 min. Animals were tested a maximum of one time every other week, and both sites were accessed in each study. This regimen of repeated access has produced consistent responses to drug treatment without significant gliosis or compromised tissue integrity (Czoty et al., 2000) .
Analysis of dialysates
High-performance liquid chromatography (HPLC) and electrochemical detection were used to quantify levels of DA . A small bore (3.2 mm × 150 mm, 3 micron) column (ESA, Inc., Chelmsford, MA) was used with mobile phase (MD-TM, ESA, Inc.) delivered by an ESA 582 solvent delivery pump at a flow rate of 0.6 ml/min. Samples (10 μl) were automatically mixed with 3 μl of ascorbate oxidase, and 5 μl of this mixture was injected into the HPLC system by an ESA Model 542 autosampler. An ESA dual-channel analytical cell (model 5040) and guard cell (model 5020, potential = 350 mV) and an ESA Coulochem III detector were used for electrochemical analysis. The potential of channel 1 was set to −150 mV for oxidation, while the potential of channel 2 was set to 275 mV for reduction. Chromatograms were generated and analyzed by EZChrom Elite software (version 3.1, Scientific Software, Pleasanton, CA), comparing the area under the curve of the experimental samples with that of standard solutions (0.5 -25 nM DA). Basal levels of DA were between 3-5 nM, unadjusted for probe recovery, as reported in earlier studies (Czoty et al., 2000) .
Drugs
3β-(4-methylphenyl)tropan-2β-carboxylic acid cyclobutyl ester hydrochloride (RTI-150) (Research Triangle Institute, Research Triangle, NC) and cocaine hydrochloride (National Institute on Drug Abuse, Bethesda, MD) were dissolved in 0.9% saline. 3β-(4chlorophenyl)tropane-2β-(3-phenylisoxazol-5-yl) hydrochloride (RTI-177) and 3β-(4chlorophenyl)tropane-2β-[3-(4-methylphenyl)isoxazol-5-yl] hydrochloride (RTI-336) (Research Triangle Institute, Research Triangle, NC) were dissolved in 2% final volume 0.1 N HCl and 98% final volume water. 0.9% saline was administered as a control in a volume comparable to the other drugs. Drug doses were determined as salts and administered through the intravenous catheter. The drug doses chosen for the displacement of [ 18 F]FECNT produce peak behavioral-stimulant and neurochemical changes : cocaine (1.0 mg/kg), RTI-150 (0.3 mg/kg), RTI-336 (1.0 mg/kg), and RTI-177 (0.3 mg/kg). A 3 mL 0.9% saline flush was administered immediately following each drug injection.
RESULTS
Examination of the time-activity curves indicated that the onset of drug occupancy at the DAT as measured by PET was immediate following intravenous infusion of all four drugs (Figure 1) . These data indicate that all four drugs interact with the DAT in similar ways. Application of the GRTM displacement model to these data determined a single occupancy value in caudate of 0.75 +/− 0.05 for RTI-150, 0.96 +/− 0.02 for RTI-336, and 0.83 +/− 0.09 for RTI-177. Table 1 summarizes the measured fractional occupancy values for caudate and other regions. However, the GRTM model agreed poorly with the cocaine PET displacement experiments and appeared to over-estimate the occupancy of cocaine in caudate. The deviation of the measured data from the model suggests that the initially displaced [ 18 F]FECNT is re-binding to the DAT in the later portion (150-210 min) of the drug displacement phase. These data were not reported for saline, as there was no observable DAT occupancy following saline infusion.
In contrast to the DAT occupancy data, the microdialysis data suggest that these drugs alter extracellular DA in different ways. Cocaine increased DA to a peak 245% of baseline levels 15 min after infusion, then DA declined to basal levels within 60 min post-injection. Infusion of RTI-150 increased DA to a peak of 350% of baseline levels 20 min later, and this increase declined to basal levels within 60 min after infusion. In contrast, RTI-336 slowly increased DA levels to a peak 450% of baseline levels 30 min following infusion. DA levels remained elevated for 60 min, and DA levels slowly declined to 200% of basal levels during the remaining 60 min of the imaging session with no indication of a further decline during the experimental session. RTI-177 increased DA levels to 300% of basal levels 15 min following drug infusion. DA levels remained elevated at this level for 60 min and then gradually decreased to 200% basal levels for the remaining 60 min of the imaging session with no indication of a further decline during the experimental session. Saline did not alter extracellular DA throughout the experimental session.
DISCUSSION
In this study, we determined the occupancy of three selective DAT inhibitors (RTI-150, RTI-336 and RTI-177) and cocaine in squirrel monkey caudate with the hypothesis that the previously observed differences in the neurochemistry of these drugs was a result of changes in drug occupancy at DAT over time. In the present study, all four drugs increased DA levels in the caudate to 250-400% of basal levels as measured by in vivo microdialysis, but the time course of their effects differed. These results corresponded well with our earlier observations in awake squirrel monkeys , indicating that the isoflurane anesthesia did not interfere with the effects of these drugs on extracelluar DA. The rate of onset of DAT occupancy of all four drugs was rapid and could not be resolved by the PET scanner. While the fast onset of occupancy of cocaine is supported by studies in rhesus monkeys showing that [ 11 C]-labeled cocaine enters the brain rapidly following intravenous infusion (Kimmel et al., 2008) , the current data contrasts with [ 11 C]-labeled RTI-150, RTI-336, and RTI-177 which enter the brain more slowly. In addition, our earlier awake squirrel monkey and rodent (Kimmel et al., 2001b ) microdialysis studies suggest a faster brain entry of the challenge drug. However, these [ 11 C]-labeled RTI studies do support a prolonged occupancy at DAT where binding of RTI-150, RTI-336 and RTI-177 peaked at 80, 50 and >90 min post-injection with a slow washout phase, respectively (Kimmel et al., 2008) .
To the best of our knowledge, this is the first published study reporting the steady-state occupancy of a behaviorally active dose of RTI-150 in nonhuman primates. The in vivo microdialysis data showed that i.v. administration of RTI-150 rapidly increased DA levels, which then approached baseline DA levels by the end of the 2 hr observation period. However, the prolonged occupancy of DAT by RTI-150 suggests that DA levels should be elevated for a longer time, indicating a lack of concordance between the drug occupancy at DAT and the effects on extracelluar DA. This apparent discrepancy can be explained by reduced firing of the presynaptic neuron and/or to increased activation of presynaptic D2 autoreceptors, both of which would lead to decreased release of DA from the presynaptic neuron. As RTI-150 is a DAT inhibitor, its effects on extracelluar DA are impulsedependent, similar to cocaine (Rudnick and Clark, 1993) .
The calculated occupancies of RTI-336 and RTI-177 at the DAT correspond well with reported values of 90 +/− 5% for 1.07 mg/kg RTI-336 and 73 +/−5% for RTI-177 (0.11 mg/kg) (Lindsey et al., 2004) in rhesus monkey, respectively. The earlier studies with [ 11 C]-labeled RTI-336 and RTI-177 suggests that these drugs enter the brain slowly, whereas the current imaging data suggest that these drugs occupy DAT quickly and for a prolonged time. Despite the discrepancy between the rate of drug entry and occupancy at DAT, the prolonged occupancy of RTI-336 and RTI-177 at DAT agrees well with the extended elevation of extracellular DA observed using in vivo microdialysis.
The conflicting observations between rapid onset of occupancy in this work and our earlier studies with [ 11 C]-labeled RTI may be due to a difference between tracer and drug kinetics. Other studies have shown that blockage of peripheral non-specific or specific binding sites by injecting cold carrier or competing ligand increases a drug's free fraction in blood which has been shown to increase specific binding in receptors outside the brain (Breeman et al., 1995) as well as the rate of entry into brain (Huang et al., 2004; Malizia et al., 1997) . A more complete profile of RTI kinetics could be obtained from a multiple injection study using increasing concentrations of cold-carrier with the [ 11 C]-labeled injections. Thus the lack of such data is a limitation when interpreting the results of this work.
In contrast to , cocaine displacement of [ 18 F]FENCT was poorly fit by the GRTM model, probably due to the short half-life of cocaine in brain. This allows for a proportion of previously unavailable DAT bound by cocaine earlier in the imaging session to become available for binding by [ 18 F]FECNT later in the session. As measured by in vivo microdialysis, DA levels returned to basal values 60 min before the end of the imaging session, suggesting that cocaine was no longer binding to the DAT at levels that would produce these neurochemical effects. Based on these observations, we hypothesize that the binding of cocaine to DAT changes over the time course of the PET study due to cocaine metabolism and clearance from brain. Therefore, as the levels of cocaine decrease in brain, binding sites otherwise occupied by cocaine become available again for [ 18 F]FECNT binding. Since the effects of cocaine are impulse-dependent, increases in DA would activate the autoreceptors, decreasing DA release, thereby attenuating the effects of cocaine, even if cocaine was still bound to DAT. In the current studies, we did not measure cocaine levels in brain, but previous studies have shown that cocaine is rapidly cleared from the nonhuman primate brain with a half-time of 45 min (Bradberry et al., 1993; Hurd and Herkenham, 1993) . In addition, the short half-time of cocaine in non-human primate brain is supported by our studies in rhesus monkeys using radiolabeled cocaine, showing that cocaine is mostly cleared from the brain 90 min after administration (Kimmel et al., 2008) .
That [ 18 F]FECNT binding did not return to baseline levels late in the cocaine challenge suggests a change in the cell-surfaced expressed DAT equilibrium following acute cocaine administration. Previous animal and human studies have shown that chronic exposure to psychostimulants alter cell surface expression of DAT (Zahniser and Sorkin, 2009) . While a number of studies support that amphetamine and other substrates for the DAT consistently decrease cell-surface expression of the DAT, fewer studies have examined the effects of DAT inhibitors on DAT expression (Schmitt and Reith, 2010) . Studies conducted with DAT expressing heterologous cell lines show that cocaine increases cell-surface expression (Daws et al., 2002; Little et al., 2002) , while others suggest that cocaine has no effect (Chi and Reith, 2003; Gorentla and Vaughan, 2005) . Binding of [ 3 H] WIN35,428 decreased in the caudate of rhesus monkeys self-administering a total of 4.5 mg/kg cocaine over 5 days, but [ 3 H] WIN35,428 binding was increased in those animals self-administering a total of 431-588 mg/kg cocaine over a 2.5-year period (Letchworth et al., 2001) , suggesting that the effects of acute cocaine on DAT expression differ from the effects of prolonged cocaine exposure. Validation of these putative models will require ex vivo visualization of DAT at the cell surface before and after acute drug challenge.
As the rate of DAT protein synthesis is relatively slow (2-3 days) (Kimmel et al., 2000; Kimmel et al., 2003) , cells have to employ other strategies to regulate DAT protein expression on a short time scale (Schmitt and Reith, 2010) . Two proposed ways for rapid regulation of DAT function are by a direct modification of single-transporter parameters, such as intrinsic substrate permeation efficacy or by affecting the trafficking of the protein, redistributing the DAT between the plasma membrane and intracellular compartments (Mortensen and Amara, 2003) . The literature supports both processes, but the latter seems to be the primary mechanism for regulating DAT function (Gulley and Zahniser, 2003; Zahniser and Sorkin, 2004; Zahniser and Sorkin, 2009 ). Our studies seek to address this discrepancy using in vivo methods, which also allow us the advantage of measuring changes in cell surface DAT binding over long periods of time in order to determine the effects of repeated drug treatment or withdrawal periods. A limitation to these methods is that we will not be able to differentiate between the internalization of DAT and DAT that is expressed but does not bind to the radioligand. However, a recent study showed that the DAT of rats self-administering cocaine exhibited reduced sensitivity to cocaine without altering the ability of the DAT to transport DA and other substrates (Ferris et al., 2011) . These results support a mechanism by which DAT function is regulated by exposure to DAT inhibitors and that cocaine binding and DA transport can be disassociated (Chen et al., 2005) . In our studies, we indirectly assess DAT function by measuring changes in extracellular DA using in vivo microdialysis.
In summary, this PET neuroimaging study investigating DAT occupancy of cocaine and three analogs in squirrel monkeys study provided two important findings. One is that the occupancy of these drugs at DAT does not necessarily correspond directly with the rate of drug uptake in brain or with the observed changes in DA levels. The reason for this is unclear, but this finding supports the use of both neuroimaging and in vivo microdialysis techniques to elucidate the mechanism of action of drugs acting at DAT. The second important finding is that acute cocaine reduces the number of DAT available for [ 18 F]FECNT binding.
Figure 1.
Representitive time-activity curves of [ 18 F]FECNT uptake in squirrel monkey caudate following i.v. infusion of cocaine, RTI-150, RTI-336, RTI-177, or saline. The drug challenge phase began 90 min post-injection of [ 18 F]FECNT at which the drug was delivered by i.v. injection. The cerebellum was used as a reference region in the 5-parameter GRTM compartment model fit to estimate DAT density. Note that the caudate and putamen data for cocaine deviates from the model fit, while the data from the other three drugs do not.
Figure 2.
Time course of changes in DA levels, measured in caudate of squirrel monkeys (n=3) as determined by in vivo microdialysis. Cocaine (1.0 mg/kg), RTI-150 (0.3 mg/kg), RTI-336 (1.0 mg/kg), RTI-177 (0.3 mg/kg), or saline (equivalent volume) were administered i.v. 90 min following infusion of [ 18 F]FECNT.
